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Abstract. Experimental evidence of trophic cascades initiated by large vertebrate pred-
ators is rare in terrestrial ecosystems. A serendipitous natural experiment provided an
opportunity to test the trophic cascade hypothesis for wolves (Canis lupus) in Banff National
Park, Canada. The first wolf pack recolonized the Bow Valley of Banff National Park in
1986. High human activity partially excluded wolves from one area of the Bow Valley
(low-wolf area), whereas wolves made full use of an adjacent area (high-wolf area). We
investigated the effects of differential wolf predation between these two areas on elk (Cervus
elaphus) population density, adult female survival, and calf recruitment; aspen (Populus
tremuloides) recruitment and browse intensity; willow (Salix spp.) production, browsing
intensity, and net growth; beaver (Castor canadensis) density; and riparian songbird di-
versity, evenness, and abundance. We compared effects of recolonizing wolves on these
response variables using the log response ratio between the low-wolf and high-wolf treat-
ments. Elk population density diverged over time in the two treatments, such that elk were
an order of magnitude more numerous in the low-wolf area compared to the high-wolf area
at the end of the study. Annual survival of adult female elk was 62% in the high-wolf area
vs. 89% in the low-wolf area. Annual recruitment of calves was 15% in the high-wolf area
vs. 27% without wolves. Wolf exclusion decreased aspen recruitment, willow production,
and increased willow and aspen browsing intensity. Beaver lodge density was negatively
correlated to elk density, and elk herbivory had an indirect negative effect on riparian
songbird diversity and abundance. These alternating patterns across trophic levels support
the wolf-caused trophic cascade hypothesis. Human activity strongly mediated these cascade
effects, through a depressing effect on habitat use by wolves. Thus, conservation strategies
based on the trophic importance of large carnivores have increased support in terrestrial
ecosystems.
Key words: carnivore; community ecology; conservation; herbivory; human activity; park man-
agement; predation; predator exclusion; trophic cascade; wolf.
INTRODUCTION
Predators can influence community structure and dy-
namics through direct lethal effects on prey (Paine
1969, Polis and Strong 1996) and indirect behavioral
effects that alter prey distribution and habitat selection
(Lima and Dill 1990, Schmitz et al. 1997). ‘‘Top-
down’’ effects by predators on prey populations can
indirectly increase plant biomass by reducing herbivore
density and altering herbivore behavior (Terborgh et
al. 2001). These top-down effects of predators through
trophic levels are known as trophic cascades (Carpenter
et al. 1985). Recent efforts in ecology have uncovered
trophic cascades in diverse ecological communities
Manuscript received 13 August 2004; accepted 10 January
2005. Corresponding Editor: S. W. Seagle.
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across a wide array of taxa (see reviews in Schmitz et
al. [2000], and Shurin et al. [2002]).
The strength of trophic cascades varies across eco-
systems due to variation in food web complexity, di-
versity, productivity, and indirect feedbacks, such as
plant toxins that inhibit herbivory (Schmitz et al. 2000).
Trophic cascades tend to be more common in aquatic
systems and systems with low diversity and food web
complexity (Polis and Strong 1996). Generally, the in-
fluence of predators on plant biomass in terrestrial sys-
tems is lower than aquatic systems (Shurin et al. 2002).
Experimental evidence for trophic cascades in terres-
trial systems comes largely from experiments on in-
vertebrates such as ants, arthropods, with few verte-
brate examples (Schmitz et al. 2000).
Trophic cascades, and the related concept of key-
stone species (Paine 1969, Power et al. 1996), have
become enshrined in conservation biology as a ratio-
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nale and justification for conservation strategies fo-
cusing on vertebrate carnivores (Simberloff 1998, Car-
roll et al. 2001). Ecosystems without top predators are
argued to have high herbivore densities with associated
negative impacts on plant communities, leading to re-
ductions in biodiversity (Terborgh et al. 1999). Recent
carnivore reintroduction efforts (Fritts et al. 1997) and
broad-scale conservation projects (Soulé and Terborgh
1999) highlight the conservation and management im-
portance of trophic cascade theory. Park management
plans often cite the key trophic role of predators as a
rationale for carnivore conservation (Parks Canada
2000).
Experimental evidence of trophic cascades initiated
by terrestrial vertebrate predators is rare in the litera-
ture (e.g., Schmitz et al. 2000, Shurin et al. 2002). The
most compelling examples come from natural experi-
ments in the tropics, such as Barro Colorado Island
(Wright et al. 1994) and the Lago Guri Islands (Ter-
borgh et al. 2001). Human creation of these islands
from formerly contiguous tropical forests resulted in
the loss of top predators such as jaguars (Panthera
panthera). Monkey abundance increased dramatically
on jaguar-free islands, with negative impacts on song-
birds, ant diversity, and plant communities (Wright et
al. 1994, Terborgh et al. 2001).
Experimental evidence of trophic cascades caused
by terrestrial vertebrate predators in temperate ecosys-
tems is more limited. Some experimental evidence
comes from the lynx (Lynx Canadensis)–snowshoe
hare (Lepus americanus) cycle investigated in a large-
scale partial predator exclusion experiment (Krebs et
al. 1995). In this system, exclusion of predators led to
a doubling of prey density: However, food supplemen-
tation led to a three-fold increase in prey. Strong bot-
tom-up effects weaken arguments for strong top-down
effects in this experiment. Recent attempts to infer top-
down effects of predators have drawn on comparisons
across areas with and without predators (Berger et al.
2001), or correlative studies of vegetation response fol-
lowing predator restoration (Ripple et al. 2001, Ripple
and Beschta 2003). One of the most important exam-
ples of temperate terrestrial trophic cascades is the wolf
(Canis lupus)–moose (Alces alces)–balsam fir (Abies
balsamifera) system on Isle Royale (McLaren and Pe-
terson 1994). Despite its importance, experimental
ecologists view cause and effect in the Isle Royale
system as somewhat unclear because of the studies cor-
relative nature (Schmitz et al. 2000). Regardless, ecol-
ogists all agree experimental evidence from temperate
terrestrial systems is urgently needed to justify large-
scale conservation plans (Terborgh et al. 1999). Wolf
recolonization through dispersal and recolonization
may provide feasible experimental conditions to test
for trophic cascades.
Wolves naturally recolonized the Bow Valley of
Banff National Park (BNP hereafter) in the mid-1980s
through dispersal from contiguous populations to the
north (Paquet et al. 1996). High human densities sur-
rounding the townsite of Banff prevented full wolf re-
colonization, whereas wolves fully recovered in adja-
cent areas, presenting conditions for an experimental
test of the trophic cascade hypothesis for wolves. We
compared the effects of wolf exclusion on their pre-
dominant herbivore prey, elk (Cervus elaphus), as well
as looking at the indirect effects of wolf exclusion on
important food plants favored by elk, and other species
that depend, in turn, on these plants. We compare dif-
ferences between areas using log response ratios, an
approach common in the community ecology and meta-
analysis literature (Hedges et al. 1999, Schmitz et al.
2000), while accounting for temporal variation in re-
sponses that may be dynamic (i.e., elk density; Osen-
berg et al. 1997).
STUDY AREA
BNP is 6641 km2 in area and is located on the eastern
slope of the continental divide in the front and main
ranges of the Canadian Rocky Mountains (518159 N,
1168309 W). The park has extreme mountainous to-
pography (1400–3400 m). The climate is characterized
by long, cold winters with infrequent warm weather
caused by Chinook winds, and short, dry summers. Our
study area focused on low-elevation winter range for
elk in the Bow Valley. Valley bottoms are 2–5 km in
width, and from 1350 to 1600 m elevation. The national
railway and highway (Trans-Canada Highway, TCH)
system, secondary roads, and human developments (ski
resorts, golf courses) occupy the study area. The low-
wolf area surrounds the town of Banff, whose human
population is ;10 000, and its associated development.
Vegetation is dominated by coniferous stands of
lodgepole pine (Pinus contorta), Englemann spruce
(Picea englemanni), and subalpine fir (Abies lasiocar-
pa) stands grading into alpine meadows at elevations
above 2200 m. Grassland, riparian, and deciduous
trembling aspen communities are rare (,5% of BNP;
Holland and Coen 1983), but critical communities im-
portant for ungulate foraging. Riparian willow com-
munities were dominated by Salix maccalliana, S. plan-
ifolia, S. bebbiana, and S. commutata. Holland and
Coen (1983) describe the vegetation in detail. Six spe-
cies of large herbivores exist in BNP: elk, white-tailed
deer (Odocoileus virginanus), moose, mule deer (O.
hemionus), bighorn sheep (Ovis canadensis), and
mountain goat (Oreamnos americanus). Elk were the
most abundant ungulate in BNP, comprising 40–70%
of the diet of wolves (Hebblewhite et al. 2004), fol-
lowed by both deer species (10–30%); whereas other
species are rare or largely unavailable to wolves (i.e.,
sheep; Holroyd and Van Tighem 1983). Other predators
included cougars (Felis concolour), coyotes (Canis la-
trans), grizzly bears (Ursus arctos), and black bears
(Ursus americanus). However, wolves were the only
species to recover from extirpation (Paquet et al. 1996).
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PLATE 1. Elk in the low-wolf treatment area surrounding
the town of Banff benefited from reduced wolf predation
rates, enjoyed higher survival and calf recruitment, and
achieved higher densities over the period wolves were ex-
cluded from this area. Higher elk densities resulted in in-
creased plant damage, visible by the hedged willow shrubs
and fenced aspen stems in the background in this urban scene.
Photo credit: M. Hebblewhite.
See Holland and Coen (1983) and Hebblewhite et al.
(2002) for a more detailed description of the study area.
METHODS
Wolves recolonized the Bow Valley in 1986, except
for the central area surrounding the townsite of Banff.
High human use of the central area greatly reduced
wolf use (Paquet et al. 1996, Duke et al. 2001) and
predation on elk (Hebblewhite et al. 2002; see Plate
1). In the adjacent western area, wolves have been pre-
sent continuously since 1986, and in the eastern area
since 1991. Thus, we considered the central area as the
low-predation treatment (see Results) and eastern and
western areas outside this as the high-wolf treatment.
For the elk density data, the high-predation data cor-
respond to the western area in Hebblewhite et al. (2002)
where wolves were present during the entire time se-
ries.
Wolf predation
Hebblewhite et al. (2002, 2004) describe methods
used to study predation by wolves in detail. Wolves
were captured and radiocollared in summer using mod-
ified foot-hold traps and during winter using helicopter
darting or netgunning (all capture, handling, and re-
search methods approved under BNP Permit Number
B-1994-29). Once radiocollared, wolves were tracked
in the snow daily during winter months to estimate the
numbers of wolves using each treatment area (number
of wolves) and area-specific kill rates (elk/day/pack).
We used total number of elk killed by wolves in each
area (elk/day) instead of predator density because the
total number of elk killed integrates the functional and
numeric responses within each area (Messier 1994).
Kill rates of elk (elk/day) were estimated in each area
using a ratio-estimator during winter (Hebblewhite et
al. 2004) and were compared using a t test, after ver-
ifying kill rates were normally distributed (Hebble-
white et al. 2004). To explore mechanisms limiting elk
population density and growth rates, we regressed elk
population growth rate vs. wolf kill rate of elk from
1986 to 2000 while controlling for effect of snow depth
(Hebblewhite et al. 2002) in the high-wolf area.
Elk density and survival
Elk populations were surveyed by helicopters under
optimal snow conditions for sighting during late winter
from 1986 to 2000 (Parks Canada, unpublished data).
Aerial counts closely matched mark–recapture esti-
mates (Woods 1991). Sightability models (Hebblewhite
2000) suggested that only ;11% of the population was
missed during surveys because elk congregate in large
herds in open grasslands during this time in BNP. We
converted counts to densities based on square kilo-
meters in the two treatment areas. Elk pellets were
counted in aspen plots (see Methods: Aspen) as an in-
dependent measure of elk density.
Population dynamics of vertebrate herbivores are
most sensitive to adult female survival (Gaillard et al.
1998), therefore, we compared survival of adult female
elk from January 1997 to December 1999 between the
wolf treatments. Forty-five adult female elk were cap-
tured using corral traps or ground/aerial darting using
chemical immobilization. Elk were monitored weekly
throughout the study, mortalities investigated ,1 wk
after death, and cause of mortality was determined from
predator-specific criteria. Annual survival rates were
estimated using the modified Kaplan-Meier survival
estimator under a staggered entry design (Pollock et
al. 1989). We used a log rank procedure to test for
differences in survival between elk captured in low-
wolf vs. high-wolf areas (Pollock et al. 1989). There
was low home range overlap of elk between treatments,
and elk showed high fidelity to areas in which they
were first captured (McKenzie 2001). We estimated
survival of young of year elk using late April calf:cow
ground surveys (Parks Canada, unpublished data) to
index recruitment of calf elk into adult age classes.
We predicted that elk in the low-wolf area would
have higher survival because of reduced predation.
Other habitat differences could also influence survival
in the low-wolf area as a result of improved forage
quality of urban landscaping and golf courses. This
habitat difference represents a potentially important
‘‘bottom-up’’ effect, contrary to the top-down wolf ef-
fect. Therefore, we tested for differences in forage
quality using fecal nitrogen content during winter
(Blanchard et al. 2003). Fecal nitrogen content is cor-
related with dietary protein intake and may be linked
to survival and weight gain in ungulates (Blanchard et
al. 2003). However, use of fecal nitrogen has been crit-
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FIG. 1. Simplified trophic interactions model of the Bow
Valley of Banff National Park, Alberta, Canada. Solid lines
represent direct consumer–resource interactions: 1 for effect
on upper trophic level, 2 for negative effect. Indirect effects
are shown with dashed lines and represent an indirect dis-
placement of wolves by human activity and indirect (ex-
ploitative) competition between herbivore levels.
icized in complex diets high in non-graminoids (Hobbs
1987). Because summer diets between treatments were
expected to differ the most due to high forbs in the diet
of high-wolf area elk (Woods 1991), we only compared
winter fecal nitrogen between elk in low- and high-
wolf areas. Moreover, differences in fecal N are gen-
erally more important during winter when dietary N is
limiting (Cook 2002). We estimated fecal nitrogen con-
tent during February and March 1998 using the Kjel-
dahl method. Total nitrogen content, expressed as a
percentage of total mass, was compared using an un-
equal-variance t test.
Aspen
We sampled from blocks of aspen stands in the Bow
Valley during spring and summer 1997–1999. Plots
were stratified within aspen stands for tree cover class,
a primary determinant of aspen sapling regeneration
(Peterson and Peterson 1992). We sampled 10 plots in
four tree cover classes to control for canopy closure:
stands recently (,25 y) disturbed (.75% tree mortal-
ity) by fire, wind, insects, or cutting; stands with low
stem density (,750 stems/ha); stands with moderate
stem density (750–1500 stems/ha); or stands with high
tree density (.1500 stems/ha). Because of a lack of
full treatment combinations in individual aspen stands,
some stands had several treatment plots sampled within
each (White et al. 2003). In each plot, all aspen stems
were counted using a 2 3 30 m belt transect and placed
into size classes. We estimated the percentage of
browsed aspen in saplings .1 m in height, but ,5 cm
in diameter at breast height, because these are the size
classes most heavily fed on by elk (White et al. 2003).
Elk pellet density was recorded by counting pellet
groups within two 2 3 200 m belt transects oriented
diagonally across dominant slopes within each plot.
Differences in aspen sapling density and aspen browse
intensity were analyzed using a Generalized Linear
Model (McCullough and Nelder 1989) on tree cover
class and the two wolf treatment areas. Nonnormal data
were log- or ln-transformed where necessary to meet
parametric statistical assumptions. Differences be-
tween areas for the dependent variable were reported
after effects of canopy closure were controlled if can-
opy class was included in the final model; when canopy
class was unimportant, we report just effects of area
on dependent variables.
Willow
Willow sampling was conducted in 1996 and 1997.
Sampling was stratified across a gradient of low vs.
high beaver activity and low vs. high elk browse in-
tensity. At least three sites were sampled for each of
these four treatments. Previous analyses suggested that
elk density had a much stronger effect on willow
growth than did beavers (Nietvelt 2001). We examined
willow herbivory in 15 sample sites in the high- and
low-wolf areas. Within each site, we sampled willow
browse intensity, twig biomass removal (equivalent to
plant damage), and willow productivity (current annual
growth [CAG], i.e., leader length) in homogenous wil-
low stands using two randomly placed 90-m transects
at each site. Ten 1-m radius plots were sampled along
each 90-m transect for a total of 20 plots per site. We
measured the diameter (millimeter) of 12 browsed
twigs/plot (n 5 240/site; Singer et al. 1994). Willow
twig biomass (grams) removal was estimated using pre-
dictive regression equations between twig diameter at
browse point vs. measured twig biomass, with R2 values
of 0.89 (Nietvelt 2001). Willow biomass production
was measured during fall 1997. Current annual growth
(CAG) was measured with 12 twigs/plot (n 5 240/site),
and biomass (grams per square meter) estimated fol-
lowing Singer et al. (1994). We then calculated net
production as production–removal in grams per square
meter. We compared current annual growth (CAG), bio-
mass removal, and net production between the high-
and low-wolf areas using t tests. Browse intensity and
biomass removal were compared in both 1996 and
1997, and then pooled if there were no differences.
CAG production was only measured in fall 1997.
Beaver
No comparative data exist for beaver densities be-
tween wolf treatments in the Bow Valley. However, to
test for potential trophic interactions between elk and
beaver, we explored the relationship between active
beaver lodge and elk density within the Vermillion
Lakes wetland (3.5 km2 area) in the low-wolf area. The
Vermillion Lakes wetlands are the largest wetlands
within BNP, and eight beaver lodge censuses were car-
ried out from 1986 to 2000. We tested for a relationship
between the number of active beaver lodges and elk
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density in the low-wolf area using linear regression.
Nietvelt (2001) explores beaver–elk interactions in
more detail.
Riparian songbirds
We compared riparian songbird abundance, diver-
sity, and evenness between areas within the riparian
willow communities sampled above by recording the
number of singing males between 05:00 and 09:00
hours in 50- and 100-m radii point counts (Ralph et al.
1993) during June 1999. We placed 1-point count sta-
tion in different riparian willow habitat patches, sam-
pling 6- and 4-point counts in the high- and low-wolf
predation treatments. This sampling intensity repre-
sents ;0.35 km2 out of 10 km2 in the study area (Hol-
land and Coen 1983). Points were also stratified by
willow height (Nietvelt 2001), but we report only area-
specific differences for the trophic cascade test. Within
each area, we calculated average diversity using the
Shannon-Weiner index and evenness (Krebs 1989).
Treatment means were compared with unequal-vari-
ance t tests for diversity, evenness, and abundance.
Trophic cascade hypothesis
We tested the trophic cascade hypothesis for the gen-
eralized trophic model for the Bow Valley of BNP il-
lustrated in Fig. 1 where humans, wolves, elk, aspen,
willow, and riparian songbirds represent a simplified
trophic interactions model (see also Smith et al. 2003).
The trophic cascade hypothesis makes predictions for
different trophic levels in a predator exclusion/removal
experiment (Polis and Strong 1996). Predator exclusion
should result in reduced predator rates, leading to in-
creased density, survival, and recruitment/growth of
herbivores. These are direct effects of wolf removal.
Plant damage indices, such as browse removal or per-
centage of browse should also be higher in predator
exclusion areas, whereas vegetation productivity and
survival should be reduced. Impacts of wolf removal
on vegetation are indirect effects of predation (dashed
lines in Fig. 1). We would also expect to see indirect
effects on species that rely on abundant vegetation, i.e.,
riparian songbirds or beavers. Effects should alternate
between adjacent trophic levels. Predictions of the tro-
phic cascade hypothesis for each dependent variable in
response to partial predator exclusion are summarized
in Table 1.
To test the trophic cascade hypothesis, we used the
response ratio Xe /Xc (following Schmitz et al. 2000),
where Xe is the variable of interest (abundance, bio-
mass, survival, etc.) in the experimental predator re-
duction, and Xc is the same variable that is in the control
area with predators present. If herbivore density in-
creases in the low-wolf treatment, then the log response
ratio would be positive. The log of the response ratio
has several attractive statistical properties; foremost
among these is that it reflects the proportional change
in species abundance (Osenberg et al. 1997, Hedges et
al. 1999). We calculated log response ratios for each
variable, and estimated standard error on the log re-
sponse ratio using the delta method. Finally, we cal-
culated average trophic level responses by averaging
the log response ratio for all herbivore and vegetation
growth parameters to examine relative strengths of di-
rect and indirect effects (Polis and Strong 1996).
In time series of predator removal experiments, the
last time series point is usually used to compare effect
sizes at steady state (Schmitz et al. 2000), or divided
by time with time-varying response ratios, such as with
rates (Osenberg et al. 1997). For some trophic levels,
we sampled only at the end of the time series, which
we assumed approximated steady state conditions (i.e.,
for elk survival, willow, aspen, and songbirds). For
parameters for which we had time series data (i.e., for
elk density, elk recruitment, and wolf kill rates), we
tested for a trend in the log response ratio over time
to test if responses were in steady state (Osenberg et
al. 1997). If responses were not constant, we report
trends in the log response ratio between high- and low-
wolf areas using regression: If constant, we compared
effect sizes using mean effect. Reducing complex eco-
logical interactions to simple measures with or without
predators in large-scale natural experiments may mask
potentially confounding factors. Therefore, we discuss
previously published mechanisms from related studies
to shed insight on trophic interactions.
RESULTS
Wolf predation
Total predation rates of elk (elk killed/day) were
more than twice as high in the high-wolf area compared
with the low-wolf area over the entire time series (t4,6
5 3.63, P 5 0.001, log response ratio 5 20.46; Table
1). Examination of the trend in log response ratio over
time indicates that the difference between treatment
and control areas was not constant. The difference in
predation rates decreased linearly over time (Fig. 2),
indicating that maximum differences occurred at the
beginning of wolf recolonization, not the end. Preda-
tion rates by wolves had a significant effect on elk
population growth rates, while controlling for effects
of snow depth (partial regression Y 5 22.5 3 (elk kill
rate) 10.235, F1,6 5 9.0, P 5 0.02, R2 5 0.55; Fig. 3).
Thus, increasing wolf predation reduced elk population
growth rates in areas where wolves recolonized.
Elk
By the end of the study period, elk density was sig-
nificantly higher in the low-wolf treatment (Table 1)
by a factor of 10. Similar to predation rates, densities
diverged between areas during the study (Fig. 2), yet
the trend in log response ratio for elk density reveals
the largest differences late in wolf recolonization. Elk
survival rates were consistent with these population
trends; elk survival was significantly higher in the low-
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TABLE 1. Natural experimental comparison of the effects of partial wolf exclusion on trophic dynamics in Banff National
Park, Alberta, Canada.













Total elk killed/d 13 2 0.07 0.01 0.2 0.03 0.001 20.46 0.003
Herbivore
Elk density (no. elk/km2) 15 1 9.35 0.38 0.96 0.17 ,0.0001 0.99 0.063
Adult female elk survival 45 1 0.89 0.06 0.62 0.06 0.002 0.16 0.009
Calf:cow recruitment ratio (%) 14 1 27.4 1.58 14.6 1.97 0.003 0.27 0.035
Fecal nitrogen (% of total
mass)
113 N/A† 1.73 0.03 1.4 0.03 0.001 0.09 0.002
Elk pellet density (no. pellets/
ha) in aspen




90 2 2.25 1.18 5.87 1.92 0.21 20.42 0.247
Aspen browse intensity (%) 90 1 77 4.1 65 5.2 0.18 0.07 0.011
Willow CAG (g/m2) 15 0 61.5 2.39 43.12 3.32 0.32 0.15 0.019
Willow browse removed (g/m2) 15 1 56.5 3 6.98 1.18 0.0001 0.91 0.061
Willow net browse production
(g/m2)
15 2 5 2.5 36.98 2.4 0.01 20.87 0.213
Songbird
Songbird diversity 10 2 5.17 0.53 10.51 1.05 0.04 20.31 0.002
Evenness 10 2 0.93 0.03 0.95 0.008 0.27 20.01 0.013
Abundance 10 2 9.5 1.14 17.25 1.8 0.014 20.26 0.010
Notes: Shown are trophic parameters tested, their predicted response to partial wolf exclusion under the trophic cascade
hypothesis, the response in the partial-exclusion area (Xe ), and the response in the adjacent control area where wolves were
present throughout the study (Xc ). Presented are the sample size (N), the mean parameter (X) value compared with or without
wolves, SE, P values from the corresponding statistical test (t test, GLM, etc.) between treatment means, the log response
ratio [log(Xe /Xc)], and SE of the log response ratio. Positive log response ratio values indicate that the parameter was greater
with partial wolf exclusion; negative values indicate that the parameter was greater in the control. Log response ratios in
boldface are significant at P 5 0.05. Calf:cow ratio, wolf kill rates, total number of elk killed, and elk density were all time
series; thus, the log response ratio is the average of S(Xe /Xc) over all i, where i 5 1 . . . n, and n are the years of observation.
CAG is an abbreviation for current annual growth.
† Under the trophic cascade hypothesis, there is no predicted difference in fecal N between treatments. Fecal N was
compared to explore potential bottom-up effects of habitat differences between treatments.
‡ Saplings/100 m2 where saplings are .1 m in height, but ,5 cm dbh (see Methods: Aspen for details).
wolf area (0.89 6 0.09 [mean 6 SE]) compared with
the high-wolf area (0.62 6 0.1) from 1997 to 1999 (log
rank test P 5 0.002; Table 1). Wolf predation was re-
sponsible for 44% (n 5 6) of all radiocollared female
elk mortality, and 75% of elk mortality not arising due
to vehicular accidents (McKenzie 2001). In contrast to
elk density, the log response ratio for calf recruitment
between high and low-wolf treatments showed no
trends in log response ratios (Fig. 2). Thus, the mag-
nitude of the effect of wolves on calf recruitment was
constant over the study period. Therefore, we compared
average calf recruitment using unequal-variance t tests.
Elk calf recruitment was significantly higher in the low-
wolf area; just less than double, on average (t13,15 5
3.308, P 5 0.003; Table 1). Elk fecal nitrogen was
significantly higher during winter months for elk in the
low-wolf area than in the high-wolf area (P , 0.001;
Table 1). In aspen plots, elk pellet density was 3.2 times
higher in the central no-wolf area (no effect of cover
class P 5 0.463, effect of area, F1,85 5 25.22, P ,
0.0001; Table 1).
Aspen
We sampled a total of 52 aspen plots in high-wolf
areas, and 32 in low-wolf areas during 1997–1999.
During 1997–1999, there was a strong effect of aspen
cover type on sapling density. As predicted, more re-
cently disturbed sites had much higher sapling density
than did older sites, although all other cover classes
had similar sapling densities (F3,85 5 3.68, P 5 0.015).
After correcting for differences between cover class,
there were approximately double the sapling densities
in the high-wolf area than in the low-wolf areas (Table
1), but this difference was not statistically significant
by 1999 (F1,85 5 1.3, P 5 0.21). Browsing on aspen
was unaffected by cover type (F3,85 5 1.05, P 5 0.37),
and while higher in the low-wolf than the high-wolf
treatment, this difference was not statistically signifi-
cant by 1997–1999 (F1,85 5 1.66, P 5 0.18; Table 1).
Willow
There were no differences between years in browse
intensity (Neitvelt 2001), so we grouped these data.
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FIG. 2. Time series of the log response ratio between the
exclusion treatment (Xe, low-wolf area) and control (Xc, high-
wolf area) for elk density (solid circles), spring calf:cow re-
cruitment ratio (open circles), and wolf kill rate of elk (gray
squares) in Banff National Park from 1986 to 2000. Dashed
lines represent general linear regression trends during the
study, and missing values are indicated by breaks. There was
no significant trend in calf:cow ratio, indicating stationary
trophic effects of wolves on calf:cow ratio. Log response ratio
values above zero represent higher responses in the partial
wolf-exclusion area, Xe (i.e., higher elk densities), whereas
values below zero represent higher responses in the control
area, Xc (i.e., higher wolf kill rates).
FIG. 3. Relationship between elk population growth rate
(rt 5 ln[Nt 1 1/Nt]) and elk-kill rate (no. elk killed/day/pack)
in the Bow Valley of Banff National Park area with wolf
predation from 1986 to 2000.
Browse intensity was, on average, seven times higher
in the low-wolf area (t12,17 5 12.07, P 5 0.0001; Table
1). Browse removal was eight to nine times greater in
the low-wolf area than in the high-wolf area (t4,6 5
2.93, P 5 0.012). Current annual growth production
did not differ, however, between treatments (t4,6 5 1.05,
P 5 0.32; Table 1), emphasizing that differences be-
tween areas were due to herbivory and not site pro-
ductivity or moisture regimes. Despite similar produc-
tion, the impact of high twig removal resulted in sig-
nificant net differences between areas (t4,6 5 3.06, P 5
0.01; Table 1) with net production over seven times
higher in the presence of wolf predation.
Beaver and riparian songbirds
The number of active beaver lodges in the low-wolf
treatments at Vermillion Lakes wetland declined over
time with increasing elk density (number of active bea-
ver lodges 5 20.73 3 (no. elk/km2) 1 9.14, F1,6 5
26.15, P 5 0.002, R2 5 0.81; Fig. 4). We detected a
total of 22 different songbird species on surveys, and
counted a total of 126 singing males. Riparian songbird
abundance (t4,6 5 3.63, P 5 0.014) and diversity (t4,6
5 3.00, P 5 0.04) decreased in riparian willow in the
low-wolf area (with abundance and diversity approx-
imately double in areas with wolves; Table 1). Even-
ness, however, did not differ between areas with and
without wolf predation (t4,6 5 1.21, P 5 0.27; Table
1). Species that were not detected in low-wolf areas
were American Redstart (Setophaga ruticilla), Tennes-
see Warbler (Vermivora peregrina), Orange-crowed
Warbler (V. celata), and Least Flycatcher (Empidonax
minimus) (Nietvelt 2001).
DISCUSSION
Recolonization of wolves had substantial direct ef-
fects on elk demography in BNP, reducing elk density,
survival, and recruitment. Indirect effects of wolf re-
colonization on vegetation and animal communities
were also consistent with the trophic cascade hypoth-
esis, representing one of the first experimental tests
across trophic levels in a large-scale terrestrial system.
All predictions made by the trophic cascade hypothesis
were supported (Table 1). Increased wolf predation, in
combination with winter severity (Hebblewhite et al.
2002), was a principal factor responsible for differ-
ences in elk density between areas (Fig. 3). Predator
exclusion because of high human activity reduced pre-
dation rates by wolves by .60% (Table 1), which re-
sulted in increased elk density, adult and calf survival,
and elk pellet density. Wolf exclusion also had sub-
stantial negative indirect effects on vegetation produc-
tivity (Table 1). Plant damage indices (percentage of
browse, biomass removed) increased with wolf remov-
al, consistent with predictions of the cascade hypoth-
esis. Finally, wolf exclusion indirectly reduced song-
bird diversity and abundance but not evenness, sug-
gesting the mechanism influencing bird diversity was
not through species dominance, but changes in species
composition (Berger et al. 2001).
Effect sizes were consistent with those from other
published studies from terrestrial trophic cascades
(Schmitz et al. 2003). Average direct effect strength of
wolves on elk was ;1.25 (average of elk responses;
Table 1). Average indirect effect strength of wolves on
vegetation growth parameters was much weaker
(20.65; Table 1). Direct effects of predator reduction
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FIG. 4. Number of active beaver lodges within the low-
wolf treatment area’s dominant wetlands, the Vermillion
Lakes wetlands, as a function of central area (no-wolf) elk
density in Banff National Park from 1986 to 2000.
on herbivores ranged from 0.4 to 2.87 in the studies
reviewed by Schmitz et al. (2000), whereas indirect
effect strength on plants ranged from 20.25 to 23.58.
The ratio of absolute direct to indirect effects tests
whether predation effects attenuate at lower trophic
levels. If the response ratio is .1, then predation effects
attenuate and grow weaker on lower trophic levels such
as plants, whereas if the response ratio ,1 then pre-
dation effects intensify (Polis and Strong 1996). The
ratio of average direct to indirect effects in our system
was 1.92 (1.25/0.65 5 1.92, .1) suggesting that pre-
dation effects attenuate and are weaker on lower trophic
levels, consistent with literature reviews (Polis and
Strong 1996, Schmitz et al. 2000). Thus, direct wolf
predation effects on elk seem stronger than indirect
effects of predators on plants. While recent studies have
suggested behavioral avoidance of high-wolf predation
risk areas by elk may be an important indirect effect
(Fortin et al. 2005), our analysis is the first comparative
evidence that direct effects of wolf predation on trophic
dynamics may be more important than indirect behav-
iorally mediated effects.
Subsequent effects of differential predation on elk
survival are consistent with the emerging literature on
ungulate population dynamics (Gaillard et al. 1998).
Adult and calf elk survival was lower in areas with
high predation, and wolves caused a large proportion
of elk mortality (44%). However, at least some of the
increase in elk survival in the low-wolf area could be
due to improved nutritional quality of elk diets (Table
1) due to fertilization and introduced species (Mc-
Kenzie 2001). Regardless of this potential bottom-up
effect, we believe the strength of the top-down trophic
evidence of wolves suggests that bottom-up influences
were minimal.
Elk survival differences translated into differences
in herbivory intensity on dominant deciduous plants
(Table 1). Willows had stronger indirect responses to
reduction in wolf predation than aspen. This may be
related to higher preference for aspen by elk during
winter (Hobbs et al. 1981), the spatial arrangement of
aspen patches (Wallace et al. 1995), or temporal lag
effects. Although not statistically significant, the dou-
bling in aspen sucker recruitment with wolf predation
(Table 1) indicated that many aspen stands were suc-
cessfully regenerating with wolf predation, and that
other factors, such as disturbance, were interacting
(White et al. 2003). While the main study ended in
2001, preliminary aspen recruitment data collected dur-
ing 2003 in the high-wolf area support our interpre-
tation of a time lag in aspen response. Aspen sapling
recruitment had increased from 5.87 stems/100 m2 in
1999 (Table 1) to 9.93 stems/100 m2 in 2003, sug-
gesting a delay in recruitment. While we do not have
aspen recruitment in the low-wolf area for 2003, as-
suming similar recruitment to 1999 (i.e., 2.2 stems/100
m2; Table 1) because elk densities have remained stable
(Parks Canada, unpublished data), aspen recruitment
may have approached statistical significance by 2003.
Studies of aspen across the Canadian Rocky Mountains
(White et al. 2003) show that elk densities must fall
below 1 elk/km2 before aspen regeneration occurs. Sim-
ilar demographic studies on willows suggest that less
than ;5 elk/km2 are required for willow regeneration
(Neitvelt 2001).
Mechanisms underlying potential elk competition
with beaver include exploitative competition for wil-
low (Nietvelt 2001). With increasing elk density, com-
petition would increase between beaver and elk for tall
willow, possibly leading to beaver declines because of
insufficient willow (Singer et al. 1994, Nietvelt 2001).
As perhaps the penultimate keystone species, declining
beaver density could have important impacts on bio-
diversity and ecosystem structure and function (Nai-
man et al. 1986). Similar to Berger et al.’s (2001) more
extensive sampling, we found declines in neotropical
migrant abundance and diversity in areas heavily
browsed by elk (Table 1), especially by obligate willow
specialists such as the American Redstart. Mechanisms
behind the indirect effect of wolf predation on song-
birds may arise either by direct lethal effects reducing
elk density and willow herbivory, or alternately, by
wolf predation on elk releasing beaver from exploit-
ative competition by elk.
The results of previous independent studies on in-
dividual links in our trophic model (Fig. 1) support our
findings. Previous work showed that predation by
wolves can have strong limiting and even regulatory
effects on nonmigratory ungulate populations (Messier
1994, Hebblewhite et al. 2002). Aspen and willow re-
sponses to elk herbivory have been well documented
in similar environments. Recent research in Rocky
Mountain National Park, USA, suggests that elk her-
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bivory can limit willow abundance and distribution
(Zeigenfuss et al. 2002), and research in Yellowstone
National Park (YNP), USA, indicates that predation by
recolonizing wolves may be stimulating aspen (Ripple
et al. 2001) and cottonwood (Populus balsamifera) re-
generation (Ripple and Beschta 2003). Berger et al.
(1999) have convincingly shown that songbird diver-
sity and abundance declines with increasing moose her-
bivory in Wyoming. Recent evidence even suggests the
potential for geochemical trophic cascades by recolo-
nizing wolves in YNP (Garrott et al. 2002). Thus, our
research is consistent with the results of individual
studies focusing on individual components of the food
web envisioned in Fig. 1 (see also Smith et al. 2003)
that suggest wolf-mediated trophic cascades should
exist.
As with any large-scale natural experiment, however,
our study has its limitations. We report only on dif-
ferences resulting from partial wolf exclusion, despite
a diverse large carnivore guild. High human use also
excluded other predators such as grizzly bears from the
low-wolf area during this study (Gibeau et al. 2002).
This important caveat suggests that other predators may
also be implicated to unknown degree in the observed
cascade effect. However, we still believe that most of
the trophic cascade was a direct result of wolf predation
for two reasons. First, wolves were the only carnivores
to recover from extirpation in the study area during this
period (Paquet et al. 1996), whereas bears and other
predators were never completely eliminated. Second,
cause-specific mortality of elk (McKenzie 2001) and
time series modeling (Hebblewhite et al. 2002) support
the major role of wolves in the trophic cascade. Also,
effects would likely have been even greater, had pred-
ators been completely excluded, as suggested by aspen
and willow exclosure experiments (Nietvelt 2001,
White 2001). Therefore, we believe our results illus-
trate a trophic cascade largely caused by predation by
recolonizing wolves, and of key management impor-
tance is that human exclusion of wolves made detection
of this trophic cascade possible. Therefore, human ex-
clusion of wolves and other large predators may seri-
ously impact ecosystem dynamics. In conclusion, con-
servation and management plans based on the trophic
importance of large carnivores (Terborgh et al. 1999,
Carroll et al. 2001) such as wolves have increased sup-
port in terrestrial systems.
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